Abbreviations used: CMR1ac, cerebral lactate efflux; LCI, lac tate/glucose index.
Summary: Global cerebral blood flow (CBF), global ce rebral metabolic rates for oxygen (CMR02), and for glu cose (CMRglc), and lactate efflux were measured during rest and during cerebral activation induced by the Wis consin card sorting test. Measurements were performed in healthy volunteers using the Kety-Schmidt technique. Global CMR02 was unchanged during cerebral activa tion, whereas global CBF and global CMRglc both in creased by 12%, reducing the molar ratio of oxygen to glucose consumption from 6.0 during baseline conditions to 5.4 during activation. Data obtained in the period fol lowing cerebral activation showed that the activation induced resetting of the relation between CMRglc and CMR02 persisted virtually unaltered for �40 min after the mental activation task was terminated. The activa-Data obtained by positron emission tomography (PET) , showing that cerebral activation causes re gional increases in the rate of cerebral glucose me tabolism (CMRgl c ) much larger than the regional in creases in cerebral oxygen metabolism (CMR02) (Fox et aI., 1988; Ribeiro et aI., 1993) , have been taken to suggest that cerebral activation primarily increases nonoxidative metabolism of glucose to lactate (Fox et aI., 1988) . This hypothesis, however, remains controversial. The uncoupling of CMRg lc tion-induced increase in cerebral lactate efflux measured over the same time period accounted for only a small fraction of the activation-induced excess glucose uptake. These data confirm earlier reports that brain activation can induce resetting of the cerebral oxygen/glucose con sumption ratio, and indicate that the resetting persists for a long period after cerebral activation has been termi nated and physiologic stress indicators returned to base line values. Activation-induced resetting of the cerebral oxygen/glucose uptake ratio is not necessarily accounted for by increased lactate production from nonoxidative glucose metabolism. Key Words: Cerebral metabolism Cerebral lactate efflux-Cerebral blood flow-Cerebral activation-U ncoupling. from CMR02 observed during activation could be due to errors with the PET models employed to measure CMR02 (Sokoloff, 1992) . Moreover, it is surprising that nonoxidative glucose metabolism should be the major energy source for cerebral ac tivation, given the low yield of ATP from this path way compared with that from the oxidative path way. The initial aim of this study was to address this controversy employing the Kety (Kety and Schmidt, 1948) have been verified by independent methodology (Kety and Schmidt, 1948; Shenkin et aI., 1948; Lassen and Klee, 1965; Madsen et aI., 1993) . The data reported in this study were obtained with two different experimental protocols. In one set of subjects we measured the effect of cerebral activation on global cerebral blood flow (CBF), global CMR02, global CMR g \c, and global CMR1ac'
In a second set of subjects, only the molar ratios between CMROz, CMR g \c, and CMR1ac were deter mined.
METHODS

Subjects
Eight healthy, young, nonmedicated volunteers were studied under Protocol I (5 women and 3 men), mean age 25 years, range 21-28 years. Nine healthy, young, non medicated volunteers were studied under Protocol II (2 women and 7 men), mean age 25 years, range 21-32 years. All participants gave a normal health question naire, had a normal clinical health examination, and fasted for 14 h before initiation of the study. Prior to all investigational procedures, oral and written consents were obtained, and the study was approved by the Ethical Committee of Copenhagen.
Protocol I
Each volunteer was studied during a baseline condition and during cerebral activation. The order of measure ments was random, and measurements were performed on separate days. During baseline measurement the sub ject was lying physically relaxed in a darkened room, with eyes closed and padded. Ears were unplugged, but noise was kept at a minimum. Cerebral activation was induced with the Wisconsin Card Sorting Test (Milner, 1963) com bined with moderate psychologic harassment by pacing the test. The cards were presented to the subject on a slide screen, and the subject chose cards by pointing at them with a stick held in the right hand. The duration of activation was 10 min. During all measurements, the level of vigilance was monitored by measurement of heart rate, mean arterial blood pressure (MABP), and electroen cephalography (EEG).
Cerebral blood flow was measured by the Kety Schmidt technique (Kety and Schmidt, 1948) in the de saturation mode, using 133Xe as the flow-tracer. Cerebral venous blood was sampled from a catheter inserted per cutaneously low on the neck into the internal jugular vein. The catheter tip was advanced to the base of the skull, J Cereb Blood Flow Metab, Vol. 15, No.3, 1995 and the correct placement was verified as described else where (Jacobsen and Enevoldsen, 1989) . Arterial bloo( was sampled from a catheter in the radial artery. Botl catheters had the same dead-space volume (1 ml). Mea surements of global CBF were performed exactly as pre viously described in detail (Madsen et aI., 1993) . In brief the brain was saturated by an intravenous infusion oj 133Xe dissolved in saline at constant rate of approxi· mately 15 MBq/min for 30 min. A 1.5-ml dead-space vol· ume was drawn simultaneously from both catheters im mediately before 1 ml of blood was drawn into pre weighed syringes. Blood samples were obtained at exact times, i.e., t = -2, -1, 0, V2, 1,2,3,4,6,8, and 10 min, where t = 0 denotes the time when the infusion was terminated. To avoid loss of 133Xe gas by diffusion the syringes were reweighed immediately after each run and placed in sealed vials for immediate counting in a well counter (Packard Auto-Gamma 5650). During the CBF measurement, six paired samples of arterial and jugular venous blood were obtained for determinations of (av)Oz, (a -V)glc' (a -v)la C ' and arterial carbon dioxide tension (PaCOZ) as described below. For each individual the values for (a -v)Oz, (a -V)glc' (a -V)lac, and P aCoZ were calculated as the mean of the six determinations obtained during the lO-min measurement period. The mean arteriovenous difference for each subject was mul tiplied by the global CBF value to obtain the metabolic rate for each respective component.
Protocol II
The second part of the study was performed to inves tigate the ratios between CMROz, CMRglc, and CMR1ac in the period following activation. Because the ratios be tween CMROz, CMRglc, and CMR1ac are equal to the ra tios between (a -v)Oz, (a -V)glc, and (a -V ) l ac, only cerebral arteriovenous differences were determined.
Before the period with measurements was initiated, the participants spent 31 h lying physically relaxed as de scribed for the baseline measurement in Protocol!. These conditions were maintained during the first 20 min of the measuring period. During the next 20 min, cerebral acti vation was induced with the Wisconsin Carding Sort Test exactly as previously described. After cessation of the cerebral activation task, measurements were continued during a 40-min postactivation period with conditions as during the baseline measurement. Mental arousal was monitored by measurements of heart rate and MABP. Throughout the entire 80-min experimental period, blood samples for determination of (a -v)Oz, (41 samples), (a -V)glc (41 samples), (a -v)lac (23 samples), and Paco2 (24 samples) were drawn (Fig. l ).
Substrate analysis
Blood samples for determination of (a -V)02 and Pac02 were stored on ice and analyzed within 15 min for oxygen saturation, hemoglobin concentration, and Pac02 with an OSM3 and ABL III Apparatus (Radiometer, Copenhagen). Blood samples for determination of plasma glucose and lactate concentrations were drawn into vials containing fluoride-EDTA, stored on ice for 5 min, cen trifuged, and analyzed in duplicate within 15 min on a Beckman Glucose Analyzer (Beckman Instruments, Ful lerton, CA, U.S.A.); the remaining portions of these sam ples were stored at -80°C until subsequently analyzed in duplicate with a YSI 2300 Lactate Analyzer (Yellow Spring Instruments, Yellow Springs, OH, U.S.A.). Calculations CBF was calculated using the Kety-Schmidt equation modified for the application of the method in the desatu ration mode Schmidt, 1948, Lassen and Klee, 1965) . Cerebral (a -V)02 was calculated as previously described (Madsen et ai., 1993) using the hemoglobin con centration and oxygen saturation of hemoglobin in arte rial and internal jugular venous blood. Cerebral (a -V)glc and (a -V)lac were calculated from glucose and lactate concentrations in arterial and venous plasma. It is our experience that glucose and lactate determinations are more precise when performed on plasma than on whole blood, and the lactate and glucose concentrations pre sented in this study are plasma values corrected to cor responding whole blood values using erythrocyte distri bution volumes for glucose and lactate of 67.1 ± 0.8% and 62.7 ± 1.8%, respectively (Simonsen et ai., 1994) . In the calculation, a hematocrit value of 0.40 [equivalent to the mean hemoglobin value of 8.2 mmollL observed in the present study (Hj.l)edt-Rasmussen et ai., 1966)] was em ployed. Global metabolic rates were calculated for each substrate, oxygen, glucose, and lactate, according to the Fick principle, e.g., CMR02 = CBF x (a -V)02. The proportion of glucose consumption appearing as lactate in cerebral venous blood was calculated as the lactate/ glucose index (LGI) (Cohen et ai., 1964) as LGI = 100 (a -V)lac/2 (a -V)glc (%). A paired two-tailed Student's t test was used in the statistical evaluation of the data.
RESULTS
Global metabolism before and during mental activation
No volunteer showed EEG patterns associated with sleep or drowsiness during studies using Pro tocol!. Values for hemoglobin in arterial and cere bral venous blood were identical, and the mean he moglobin value was 8.2 ± 0.6 mmollL (mean ± SD) (range: 7.5-9.0). Values obtained during baseline conditions are given in Table 1 .
Compared with baseline conditions, cerebral ac tivation increased heart rate 29%, MABP 16%, global CBF 15%, and global CMRglc 12%. Global CMR02, however, remained unchanged as the small decrease of 1% was not statistically signifi cant (Table O . The activation-induced alterations in global CMR02 and CMRglc corresponded to a 12% reduction of the molar ratio of oxygen to glucose uptake ratio from 6.1 ± 0.4 to 5.4 ± 0.4. Values for P aco2 were the same during baseline conditions and cerebral activation (Table O . Cerebral activation in duced a 47% increase in global cerebral lactate ef flux. However, the increase in lactate efflux was too small to account for the increase in CMRg1 C ' as the proportion of glucose consumed that appeared in cerebral venous blood as lactate, the LGI, in creased only from 6 to 8% from the baseline to the activation measurement.
Cerebral (a -V)02' (a -V)glc' and (a -V)lac before, during, and after activation During Protocol II, mental arousal was monitored by measurements of heart rate and MABP, and sig nificant increases in these variables were restricted to the period of cerebral activation ( Table 2) . Val ues for P aco2 were almost identical during all three conditions. The average hemoglobin value was 8.3 ± 0.6 mmollL (range: 7.2-9.4), and there was no difference between hemoglobin values in arterial and cerebral venous blood.
The baseline values and activation-induced alter- Values (mean ± SD) obtained in eight volunteers using Pro tocol I (see Methods). A paired two-tailed Student's t test was used in the statistical evaluation of data. Statistical significance is denoted by Qp < 0.05; bp < 0.01; cp < 0.001. 1 and 2; Fig. 2) . Also with Protocol II, activation induced an 8% reduction of the cerebral oxygen / glucose consumption ratio from 5.9 ± 0.4 during baseline conditions to 5.4 ± 0.5 during men tal activation ( Table 2) .
was increased by 31 % during mental activation and remained increased during the first 20 min following cessation of mental activation (Fig. 2 ; Table 2 ). Val ues for (av)lac obtained 20-40 min after mental activation had decreased to baseline values, and they were significantly different (p < 0.05) from (a v)lac values obtained during activation (Fig. 2) .
Cerebral activation caused a slight increase in LGI from 5 to 7%. During the postactivation period val ues for LGI were similar to baseline values (Ta ble 2).
Almost immediately after the cessation of the ac tivation procedure (a -V)02 increased, reaching values similar to those during baseline conditions (Fig. 2) . However, (a -V) g lc simultaneously in creased by 7%, and the ratio between cerebral ox ygen and glucose uptake remained reduced by 8% during postactivation compared with baseline (Ta ble 2; Fig. 2) . in the present study was revealed by a methodologic approach independent of the assump tions required by PET (Fox et aI., 1988; Ribeiro et aI., 1993) , we conclude that the uncoupling phe nomenon is real and not due to errors of measure ment.
A new, and to us surprising, finding was that the overshoot of cerebral glucose uptake relative to ox ygen uptake persisted for �40 min after the activa tion procedure had been terminated and physiologic stress variables had returned to baseline levels.
This observation indicates that the period following cerebral activation is associated with alterations in cerebral metabolism large enough to be detected in global measurements.
Our observation that brain activation causes an overshot of CBF relative to CMR02 is in accor dance with previous investigations where uncou pling of CBF and CMR02 has been observed during conditions such as mental work (Lennox, 193 1) and electrically induced seizures (Brodersen et aI., 1973) .
Technical considerations
The Kety-Schmidt technique (Kety and Schmidt, 1948) can be regarded as the "gold standard" for determination of global levels of cerebral blood flow (Siesj6 et aI., 1980; Lassen, 1985) , and the relatively few assumptions on which it is based have been validated by independent methodology (Kety and Schmidt, 1948; Shenkin et aI., 1948; Lassen and Klee, 1965; Madsen et aI., 1993) . For the present study the most crucial assumption is that blood sampled from the catheter in the internal jugular vein represents cerebral venous blood. Even with the optimal catheter placement employed in the present study (Jacobsen and Enevoldsen, 1989) , b lood obtained from the bulb of the internal jugular vein contains a slight admixture of blood of extrac ranial origin. Although the amount of extracranial contamination is usually very slight «2.6%) (Shen kin et aI., 1948; Lassen, 1959) , an activation induced increase in extracranial contamination would have influenced our results. However, as ex tracranial contamination is derived from tissues with perfusion rates much lower than those of the b rain (Kety and Schmidt, 1948; Friberg et al. , 1986) , an increase of contamination with blood of extra cranial origin would lead to a reduction of the mea sured values for CBF (Kety and Schmidt, 1948; Lassen, 1959; Madsen et aI., 1993) . The 15% in crease in CBF observed during mental activation therefore indicates that the results of this study can not be explained by an activation-induced increase of extracranial contamination.
In the study by Fox and coworkers (1988) an ac tivation-induced regional increase of CMR02 (5%) and CMR g lc (50%) was observed in the visual cor tex. In our study, only global values were mea sured, and we observed unchanged values for glob al CMR02, whereas global CMR g lc increased by 12%. Visual cortex constitutes < 10% of the brain, and a 50% regional increase of CMR g lc in the visual cortex does not correspond to a 12% increase in global CMR g lc. However, whereas the human sub jects in the study by Fox et ai. were activated by highly specific visual stimulation (annular reversing checkerboard), the activation task employed in the present study was less specific, including modalities such as visual stimulation, mentation, and moderate mental stress. It may therefore be expected that larger portions of the brain were activated in the present study as compared with the study by Fox et aI. , and this may explain the larger global changes in CMR g lc observed in the present study.
Relation between excess CMRg\c and CMRlac
The PET data showing a disproportionally larger increase in regional CMR g lc compared with regional CMR02 has been interpreted as increased nonoxi dative consumption of glucose that is metabolized via the Embden-Meyerhof (glycolytic) pathway to lactate but not oxidized further via the tricarboxylic acid cycle (Fox et aI., 1988) . Lactate has a relatively slow passage through the blood-brain barrier (Knudsen et aI., 199 1) , and the intracerebral accu mulation of lactate observed with magnetic reso nance spectroscopy during visual stimulation (Prichard et aI., 199 1; Sappey-Marinier et aI., 1992) has been interpreted as independent evidence for the notion that cerebral activation predominantly increases nonoxidative glucose metabolism. How ever, this interpretation remains controversial (Sokoloff, 1992) , and data on activation-induced variations in cerebral lactate production have not been obtained.
The present study was not performed during steady state conditions, and our values for CMRlac cannot be taken to signify cerebral lactate produc tion. However, assuming that the blood-brain bar rier permeability for lactate was unchanged, our data enable us to evaluate the proportion of the ac tivation-induced excess CMR g lc that appears as lac tate in cerebral blood. With Protocol II, values for (av)lac obtained 20-40 min after cessation of ce rebral activation could not be distinguished from baseline values (Fig. 2) . The arterial lactate concen-tration was unchanged during the entire period of measurement (Table 1) , and normalization of the values for (av)lac within 20 min after cessation of cerebral activation implies that cerebral lactate pro duction and the cerebral lactate concentration had both returned to baseline levels 20 min after cessa tion of cerebral activation. If the cerebral lactate concentration was similar at the initiation and ter mination of measurement, the proportion of the ac tivation-induced excess CMR g lc that leaves the brain as lactate can be calculated from the accumu lated increase in CMRlac' Thus, integrating over the entire activation and postactivation period it ap pears that <20% of the activation-induced excess glucose consumption can be accounted for by in creased CMRlac' That the cerebral uptake of glu cose exceeded the cerebral uptake of oxygen for an additional 20 min after values for (av)lac had normalized (Fig. 2) further emphasizes that the ac tivation-induced resetting of the cerebral oxygen / glucose consumption ratio can not be accounted for by net conversion of glucose to lactate.
Concluding remarks
In the present study we demonstrated an activa tion-related resetting of the cerebral oxygen / glucose uptake ratio, which persisted for 40 min after the activation was terminated. However, the data ob tained do not provide information on the nature of the metabolic events associated with the prolonged resetting of the cerebral oxygen / glucose uptake ra tio. Energy derived from glucose can be trans formed to ATP through the oxidative and nonoxi dative glycolytic pathways as signified by CMR02 and cerebral lactate production (reviewed by Siesj6, 1978) , and the carbon derived from glucose not oxidized or leaving the brain as lactate must be accounted for by some other mechanism than cere bral energy production. During both study series, arterial plasma glucose levels remained unchanged by the activation task (Tables 1 and 2), and an ac tivation-induced augmentation of unphosphorylated glucose in the brain is therefore unlikely. The acti vation-induced excess glucose uptake might be as sociated with cerebral biosynthesis or with an acti vation-induced up regulation of cerebral glycogen stores. Alternatively, the unaccounted-for carbon derived from glucose could have left the brain as other compounds (e.g., pyruvate, carbohydrates, amino acids, lipids) that were not assayed in the present study.
